Relative paleosol maturities are inversely proportional to the accumulation rates of the sediment upon which they formed, and are therefore excellent relative indicators of how much geologic time elapsed between any two horizons. An empirically-based model is advanced using paleosol maturities to estimate the relative geologic time separating any stratigraphic levels within the lower Eocene Willwood Formation. The revised Willwood time stratigraphy from this analysis helps evaluate the nature, tempo, and possible causes of three major episodes of mammalian appearance and disappearance. These faunal events are directly correlated with certain aspects of paleosol evolution in the Willwood Formation. That evolution is tied directly to climatic changes and to varying sediment accumulation rates in response to tectonism.
INTRODUCTION
Stratigraphic sequences reflect a complex interplay among sedimentation, erosion, and non-deposition. In alluvial settings, overbank floods are generally of short duration and recur every year or two. During the hiatuses between floods, pedogenesis modifies the alluvium. In fact, the proportion of geologic time represented by soil formation (as opposed to deposition or erosion) in a sequence of alluvial rocks is very large (Kraus and Bown, 1986 ). Because pedogenic modification was penecontemporaneous with deposition of the parent material, the maturity of alluvial paleosols was partly controlled by the rate at which alluvium accumulated (e.g., Leeder, 1975; Retallack, 1986; Bown and Kraus, 1987) . In aggrading alluvial sequences, the faster the rate of sediment accumulation, the less mature are the paleosols.
Both modern (e.g., Bridges, 1973 ) and ancient studies (e.g., Bown and Kraus, 1987) show that, in aggradational alluvial systems, increasingly mature paleosols occur with increasing distance from a channel belt as a result of slower sediment accumulation rates. Rates decrease because new alluvium from a single flood typically thins away from a channel and areas farther from the channel are flooded less frequently than areas close to the channel (e.g., Bridge and Leeder, 1979) files may form proximal to the channel during the same time period that a single profile develops in the distal floodplain, where sediment influxes are both thinner and less frequent. Bown and Kraus (1987) used the term pedofacies to describe the lateral changes in paleosol type relative to a channel sandbody. A pedofacies package is a prism of essentially contemporaneous paleosols with vertically stacked and poorly developed paleosols close to a channel sandbody, which grade laterally into coeval floodplain deposits with fewer but more strongly developed paleosols (Fig. 1) . Pedofacies are both responsive to and good indicators of: 1) relative short-term net sediment accumulation rates; and 2) the proportionate distribution of geologic time in alluvial rock sequences. To the extent that regional tectonism influences sediment accumulation rates, pedofacies provide a good record of tectonic activity as well (Kraus and Bown, 1986; Kraus, 1987) . Formationscale vertical sequences of pedofacies also provide a record of soil paleoenvironments for considerable periods of time.
Pedofacies relationships were first worked out in the lower Eocene Willwood Formation of northwest Wyoming, an alluvial unit about 700 m thick with numerous stacked pedofacies (Bown and Kraus, 1987; Kraus, 1987) . This paper expands upon those earlier studies and examines the relationship of Willwood pedofacies to fluvial sedimentation, geologic time, and paleobiologic events. The first part of the paper focuses on temporally reconstructing the Willwood section based on pedofacies. We then use this temporal framework to document significant episodes of faunal turnover. Lastly, the faunal events are evaluated in light of changes in paleosol maturity and hydromorphy through Willwood time.
TIME STRATIGRAPHIC RECONSTRUCTION
For many formation-rank units for which some estimate of their approximate duration is known but for which intraformational controls are wholly lacking, a common method for approximating sediment accumulation rates (and paleobiologic tempo) is to divide sediment thickness by estimates of duration in years (e.g., Gingerich, 1983 , regarding estimates of Willwood sediment accumulation). Although this approach has some value for large-scale studies, it clearly lacks the resolution and control necessary to place critical geologic (and paleobiologic) events in their proper temporal perspective. Lack of definitive control becomes an especially obdurate problem in cases in which sediment accumulation rates changed considerably through time. In addition, resolution of the temporal contributions of periods of erosion and non-deposition, largely ignored in such studies, has been a formidable obstacle to progress in temporal sequencing within formation-rank alluvial units. When it is recognized that nearly all alluvial units contain paleosols and that the temporal nature of paleosols is, by definition, hiatal, the significance of paleosol studies to elucidating sediment accumulation rates is clearly critical.
In developing the paleosol maturation sequence and pedofacies model for paleosols of the Willwood Formation (Bown, 1985; Kraus and Bown, 1986; Bown and Kraus, 1987; Kraus, 1987) , it became clear that pedofacies analyses possess great potential for establishing a technique whereby fluvial suites containing numerous, superposed paleosols, could be temporally sequenced in a relative, yet empirically based manner without recourse to either biostratigraphy or geochronologic determinations. What had been lacking until recently was a determinative basis for assessing the relative proportion of time represented by paleosols of different maturities. A mechanism of proportional temporal sequencing of fluvial rocks has obvious utility for assessing geologic and paleobiologic tempo in event stratigraphy and biostratigraphy, and has unique applications for rocks for which this tempo cannot be assessed by more conventional means. We stress that, given the coarseness of current strategies for determining fluvial tempo, any empirically-based technique for more precisely apportioning geologic and paleobiologic events in time is a substantial improvement.
Wheeler (1958) first introduced the possibility of constructing time-stratigraphic cross-sections, or "chronostratigraphic charts" in sequence stratigraphic parlance (e.g., Vail et al., 1984) . Embroidering on concepts developed partly by Blackwelder (1909), Wheeler (1958, p. 1050) conceived of subjective time-stratigraphic units as "... all three-dimensional entities (material, non-material, or combinations of both) ... which are defined in a framework consisting of two lateral space dimensions and a vertical time dimension." These units "... must delineate all interpreted deposition combination of these may be useful in the interpretation and visualization of geologic history."
Wheeler introduced the "holostrome", which is a timestratigraphic unit representing the temporal record of both preserved strata and strata removed by erosion. The lithostratigraphic unit on which the holostrome is based and which is now the basis for sequence stratigraphic analysis is the "sequence". Basically following Sloss et al. (1949) , Wheeler (1958) and later Vail et al. (1984) used sequence to designate genetically related strata separated from overlying and underlying rocks by unconformities. Time-stratigraphic cross-sections or chronostratigraphic charts include not only reconstructed holostromes but also hiatuses. These are time intervals represented by no significant deposition.
Although Wheeler advanced these concepts through his studies of transgressive and regressive sequences, as have more recent proponents of sequence stratigraphy, Wheeler clearly recognized their applicability to the correlation and temporal reconstruction of sequences of any origin. His work was the first serious and comprehensive effort to direct geologists toward the possibilities of the relative apportionment of geologic time in actual rock columns (see also Friend et al., 1989) .
Several studies have used paleosols to temporally reconstruct non-marine sequences, although with slightly different approaches (e.g., Retallack, 1984; Retallack, 1986; Kraus and Bown, 1986) . Temporal restoration of the Willwood Formation follows methods described by Bown and Larriestra (1990) . Those authors used different maturities of paleosols and their relationships to erosional unconformities to temporally restore the dominantly pyroclastic eolian lower Miocene Pinturas Formation of Argentina. Pinturas rocks are exposed in widely separated outcrops that cannot be directly correlated and are divisible into three units (sequences) by intraformational unconformities. Such unconformities also bound the Pinturas Formation as its base and top.
Bown and Larriestra (1990) first reconstructed a composite Pinturas rock section by adding rock from sections where it is present to sections where it had been eroded. In addition to the unconformities separating sequences, erosional scours are numerous in the Pinturas Formation and their effect was erased by adding the corresponding rock thickness preserved in sections lateral to the scours. Following the lithostratigraphic reconstruction, a chronostratigraphic cross-section of the Pinturas Formation was developed by temporally weighting the paleosols of different maturities relative to one another (e.g., a Stage 2 paleosol took twice as long to form as a Stage 1 paleosol). Total Pinturas time is represented by the sum of the temporal weights for completely restored vertical sequence of Pinturas paleosols. The portion of total Pinturas time represented by any smaller part of the section can then be determined from the relative time assigned to paleosols in that smaller section.
TIME STRATIGRAPHIC RESTORATION OF THE WILLWOOD FORMATION

Introduction
The Willwood Formation of the southern Bighorn Basin (Fig. 2) of sandy channel deposits (sand-floored scours), and (2) scours of greater magnitude and regional extent that record episodes of baselevel lowering and consequent regional erosion (generally mud-floored scours). Both represent missing time due to erosion and non-deposition that must be estimated to reconstruct the Willwood temporal history. Scouring at the bases of large Willwood channel sandbodies is generally no more than about 4 m and its temporal consequence can be assessed from sections of paleosol-rich floodplain mudrocks lateral to the channel scours and sandbodies. The temporal import of more regional scours, such as that separating the middle and upper thirds of the Willwood Formation over much of the southern Bighorn Basin (Bown, 1984) , was restored in two ways-each acting as a check on the other. First, mudrocks lateral to the regional scour and containing the paleosols that developed coeval with the scour were substituted for the rock record within the scour. Second, the records of deposition and paleosol formation represented by rocks within the regional scour were utilized directly. Both approaches have their drawbacks: the first omits the time represented by the deposition of channel sandbodies, which cannot be directly assessed except by correlation with mudrocks in even more distant sections (and some cannot be evaluated at all, owing to vagaries of outcrop pattern); and the second does not account for time represented by the removed strata. Although sandbody formation and scour development took time that cannot always be restored, on a formation-wide scale the temporal record of depositional and erosional events is relatively insignificant compared with the vast record of hiatal (paleosol) time (e.g., Kraus and Bown, 1986 ). In addition, many of the channel sandbodies are ribbons deposited by crevasse-splay channels. The time needed to deposit the ribbons or to excavate shallow scours is effectively very small and is therefore accorded a value of zero. In summary, large channel sandbodies and extensive scours in fluvial deposits must be related as precisely as possible to paleosols developed on laterally equivalent mudrocks. Once this has been accomplished, the relative temporal value of an entire alluvial formation, or specific parts of it, can be determined from paleosol maturation sequences, for specific as well as regional geographic areas.
Willwood Maturation Sequence
Bown (1985) defined five stages of Willwood paleosol maturity (numbered 1 through 5 in order of increasing maturity) based on lateral field relationships of the paleosols. These were distinguished from one another by properties observable in the field, including horizonation, profile development and thickness, color, soil nodule development, mottling, nature of contacts within the profile, and other features (see Bilzi and Ciolkosz, 1977 and Harden, 1982 for field methods used in estimating relative development in modern soils). Recognized as parts of a developmental continuum with no natural breaks, the Willwood maturation stages were originally defined from existing, although arbitrarily picked, field profiles that exemplify landmarks in the paleosol maturation continuum. Their number was limited to five for easy and quick recognition in the field, without recourse to lengthy and costly laboratory procedures.
The Willwood paleosol maturation stages were refined by Bown and Kraus (1987) , who used them to define Willwood pedofacies. Kraus (1987) Unfortunately, nowhere have we found a complete pedofacies exposed-one containing a lateral continuum from Stage 0 through Stage 6 paleosols. Even the most extensive badlands rarely exhibit pedofacies segments exceeding a span of two or three paleosol stages. This is because floodplains separating major channels were at least 15 km wide, considerably more extensive than most areas of continuous unidirectional exposure. Nevertheless, the temporal weights, relative to a Stage 1 paleosol, of the seven Willwood paleosol stages were reconstructed using several different sections in which partial pedofacies are exposed. The relative temporal weight attributed to each maturation stage is shown in Table 1 .
In the field, paleosol stage cannot always be determined precisely, despite the intentional coarseness of paleosol stage definitions. For example, the paleosol used to define Stage 3 was subsequently found to be more closely related morphologically to Stage 2 paleosols than those of Stage 4. In the field such intermediates were termed "Stage 2+". Other paleosols for which the more appropriate stage could not be ascertained, but which obviously belong more closely to one adjacent stage or the other, were variously designated stages 0-1, 1-2, 2-3, 3-4, and 4-5 accordingly, and their relative temporal weights calculated in proportion. 
PALEOSOLS AND MAMMALIAN FAUNAL PATTERNS, WILLWOOD FORMATION
Bown (1987) and Bown and Beard (1990) examined the relative distributions and abundances of sympatric species of fossil mammals with respect to their occurrences in paleosols of different maturities distributed across two richly fossiliferous pedofacies suites at about the 442 m and 546 m levels of the Willwood Formation. Those studies determined that the abundances of certain sympatric species relative to each other are related to the maturity of the paleosol from which their fossils were obtained. Because paleosol maturity is determined by proximity to stream channels, the resulting record of relative abundances of species from particular paleosols is a measure of the preferences of the animals during life for more proximal or more distal environments (relative to stream channels) on the alluvial plain. Such preferences were almost certainly controlled by the patterns of then extant vegetation across the pedofacies as well as other local environmental factors such as soil dampness. Relative paleosol maturity (and corresponding proximal, intermediate, and distal positions with respect to streams) were also demonstrated to be important factors governing fossil abundance and state of preservation. In general, proximal (immature) paleosols contain fewer fossils per paleosol but yield a higher proportion of relatively complete remains than distal (more mature) paleosols. This phenomenon is controlled by differing short-term net sediment accumulation rates across the pedofacies-higher rates closer to channels increase the likelihood that remains will be bur- As was certainly recognized by Schankler, the faunal turnover events do not define horizons; rather, they are intervals and the meter levels accorded each horizon were arbitrarily established at meter levels immediately following the most significant event of each "biohorizon" (7 disappearances at Biohorizon A, 10 disappearances at Biohorizon B, and 6 appearances at Biohorizon C-see Schankler, 1980, fig. 4; Fig. 5, this paper) (Fig.  6) .
Structural Controls
The Willwood Formation is distinguished from the underlying Fort Union Formation by a major increase in paleosol maturity (maturation indices rise from 0.5 to 12.0) that is succeeded by a gradual and more or less continuous decline in maturity, at least through to the 650 m level of the Willwood Formation (Fig. 6) . Figure 7 shows that paleosol hydromorphy also varied through Willwood time, with a significantly lower incidence of hydromorphic pa-leosols in the second half of Willwood time. These formation-scale changes probably resulted from allocyclic factors including changes in tectonic activity and climate.
The contact between the Fort Union and Willwood formations in the southern Bighorn Basin is believed to correspond to the Paleocene-Eocene boundary. The Paleocene-Eocene break is also the time at which regional climates became warmer and drier (Hickey, 1980; Wing, 1980; Wolfe, 1989) In addition to the gradual formation-scale changes in maturity and hydromorphy, three significant changes in paleosol maturity are also evident in Figure 6 and these roughly correspond to the three major episodes of faunal turnover-WaO, Biohorizon A, and combined biohorizons B-C. If faunal turnover events surrounding Biohorizon A were significant, those recorded by WaO or Biohorizon B-C were catastrophic. The initial keys to unraveling what phenomena might have triggered the significant faunal events lie in the record of paleosol changes through time.
The three faunal events occur under different conditions of overall paleosol maturity and hydromorphy; however, they all occur at times of significant changes in maturity (Figs. 6 and 7) . As discussed, soil maturity is controlled by sediment accumulation rate and that rate also influences the depositional environment. Rapid rates of sediment accumulation (associated with immature paleosols) typically result in frequent channel avulsion and thus relatively unstable floodplains (e.g., Smith et al., 1989) . In contrast, relatively low sediment accumulation rates (associated with mature paleosols) suggest infrequent channel avulsions and thus more stable floodplain environments.
All three faunal events are characterized by disappearances that correlate broadly with a peak followed by a relatively rapid decline in paleosol maturity (WaO event) or with a plateau in maturity followed by the advent of a rapid decline in maturity (biohorizons A and B-C, although the former shows greater fluctuation in maturity prior to the decline; Fig. 6 ). This suggests that disappearances correspond to times when initially stable floodplain environments are growing less stable. That the disappearances occur at maturity peaks or immediately after a maturity decline has set in (but not when the decline has reached its nadir) probably indicates that the mammals responded relatively quickly to changing floodplain conditions whereas the soils, which record environmental conditions over some period of time, lagged somewhat behind. Immigrations, on the other hand, correspond well with lows in paleosol maturity, following rather sharp declines. All three turnover events show major appearances immediately following a pause in the decline in maturity and, almost invariably, following disappearances. This correlation indicates that new groups were able to exploit the more rapidly changing floodplain conditions. Changes in paleosol hydromorphy also appear to have influenced both biohorizons A and B-C. The first Biohorizon A faunal events occur at 140 m and the last at 270 m. This interval occurs within a period marked by hydromorphic (relatively saturated) paleosols, which begins at a temporal value of about 22 %, peaks at about 34 %, shows a fluctuation in the incidence of hydromorphic paleosols, and ends in a nadir for the lower part of the Willwood Formation at about 60% of total Willwood time (about the 260 m level). The combined Biohorizon B-C interval was also heralded by a peak (following a rapid rise) in paleosol hydromorphy. Once paleosol hydromorphy had stabilized at a new low level for the formation (at 85 % of total Willwood time), this parameter remained low but continued to fluctuate considerably (Fig. 7) .
In summary, Schankler (1980) attributed Biohorizon A events to "... changing climate or ecological conditions". In contrast, Badgley and Gingerich (1988) The factors responsible for the periods of more rapid decrease in paleosol maturity and hydromorphy within the more gradual, formation-scale declines in those two parameters are uncertain. The more rapid decreases in paleosol maturity indicate that sediment accumulation rates and thus the rates of basin subsidence accelerated. We speculate that increases in those rates are related to tectonic pulses in the development of the surrounding Owl Creek and southern Bighorn Mountains. In addition, Biohorizon B-C is associated with the occurrence of two other sedimentologic features, lenticular carbonaceous mudrocks and abundant mudstone-filled scours (Fig. 6) . Both of these features are common in the mid to upper part of the Willwood section (from about 65 to 85% of Willwood time). Wing (1984) suggested that lenticular, in contrast to tabular, carbonaceous units develop in abandoned channels and thus indicate frequent channel avulsion. Likewise, the mudstone-filled scours probably represent abandoned channels (and also frequent avulsion) because they are usually developed adjacent to a channel sandbody. Frequent channel avulsion is consistent with the rates of sediment accumulation for this part of the section, which are among the most rapid for the formation. An unresolved question is why neither feature continues higher in the Willwood section, where paleosols predict that accumulation rates were the highest for the formation.
The WaO event appears to have occurred under more unusual conditions than the other two faunal turnovers. The introduction of WaO mammals characterizes the Clarkforkian-Wasatchian land-mammal age boundary, which is generally thought to mark the Paleocene-Eocene boundary in the Bighorn Basin (Rose, 1981; Gingerich, 1989 ). As discussed above, this boundary corresponds to a major climatic change from cooler and drier to relatively warm and wet conditions. The depleted faunas of the later Clarkforkian (the Phenacodus-Ectocion zone) are real in paleoecological terms and record Paleocene climatic deterioration prior to the more equable conditions of the earliest Eocene. The late (but not latest) Clarkforkian was a time of rapid sediment accumulation, whereas WaO corresponds to a rapid increase in paleosol maturity and thus lower sediment accumulation rate.
The WaO event also differs from the other two faunal turnovers in that it appears to have occurred relatively quickly, with almost coincident disappearance and appearance events. The disappearances follow a period of unusually mature paleosols, which in turn lie directly above exceptionally immature and hydromorphic paleosols in the Fort Union Formation. Retallack (1986) observed that several declines in the diversity of Eocene-Oligocene mammals in South Dakota coincide with significant changes in paleosol maturity. In this example, the paleosol and faunal changes accompanied major episodes of erosional downcutting and climatic changes were believed to be responsible for the physical and biologic events.
SUMMARY
Paleosols in the Willwood Formation can be assigned to seven different maturation stages and the relative times of development for each stage were determined from pedofacies relationships. Based on the paleosol temporal relations, a time-stratigraphic column was constructed for a composite stratigraphic section of the Willwood Formation in which channel sandbodies or strata removed by scouring were replaced by laterally equivalent paleosols.
The time-stratigraphic reconstruction shows that sediment accumulation rates gradually increased through Willwood time, whereas both overall paleosol maturity and paleosol hydromorphy decreased. Structural elevation of the Owl Creek Mountains in early Eocene time is believed to have caused these trends. In addition, three sharp changes in maturity and hydromorphy (times of mature paleosols followed by sharp declines in maturity) interrupt the gradual trends. These are attributed to tectonic pulses, 
